Friedreich ataxia (FRDA), the most common of the inherited ataxias, is an autosomal recessive degenerative disorder, characterized clinically by onset before the age of 25 of progressive gait and limb ataxia, absence of deep tendon ref lexes, extensor plantar responses, and loss of position and vibration sense in the lower limbs. FRDA is caused by a GAA triplet expansion in the first intron of the FRDA gene on chromosome 9q13 in 97% of patients. The FRDA gene encodes a widely expressed 210-aa protein, frataxin, which is located in mitochondria and is severely reduced in FRDA patients. Frataxin function is still unknown but the knockout of the yeast frataxin homologue gene (YFH1) showed a severe defect of mitochondrial respiration and loss of mtDNA associated with elevated intramitochondrial iron. Here we report in vivo evidence of impaired mitochondrial respiration in skeletal muscle of FRDA patients. Using phosphorus magnetic resonance spectroscopy we demonstrated a maximum rate of muscle mitochondrial ATP production (V max ) below the normal range in all 12 FRDA patients and a strong negative correlation between mitochondrial V max and the number of GAA repeats in the smaller allele. Our results show that FRDA is a nuclear-encoded mitochondrial disorder affecting oxidative phosphorylation and give a rationale for treatments aimed to improve mitochondrial function in this condition.
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Friedreich ataxia (FRDA) is the most common form of inherited ataxia with a frequency of 1 in 50,000 live births. FRDA is an autosomal recessive degenerative disorder, characterized clinically by onset before the age of 25 of progressive gait and limb ataxia, absence of deep tendon reflexes, extensor plantar responses, and loss of position and vibration sense in the lower limbs (1) . Cardiomyopathy as defined by echocardiography is present in more than 60% of FRDA patients (2) . The cause of FRDA is a GAA triplet expansion in the first intron of the FRDA gene on chromosome 9q13 (3). Ninetyseven percent of FRDA patients are homozygous for the GAA expansion, the remainder carrying a repeat expansion in one FRDA allele and a point mutation in the other (2, 3) .
The FRDA gene encodes a widely expressed 210-aa protein, frataxin, which is located in mitochondria (4-6) and is severely reduced in FRDA patients (4) . Although frataxin function is still unknown, yeast strains carrying a disruption in the frataxin homologue gene (YFH1) showed a severe defect of mitochondrial respiration (5) (6) (7) (8) and loss of mtDNA (7, 8) associated with elevated intramitochondrial iron (5, 8) .
In view of the mitochondrial localization of frataxin (4-6), the evidence from the YFH1 knockout model for mitochondrial dysfunction (5) (6) (7) (8) , and the similarities of the cardinal clinical features present in FRDA with primary mitochondrial diseases (9), we used in vivo 31 phosphorus magnetic resonance spectroscopy ( 31 P-MRS) to test for the presence of mitochondrial dysfunction in skeletal muscle of 12 FRDA patients. Skeletal muscle is an ideal tissue in which to assess in vivo mitochondrial ATP production rate by 31 P-MRS as it can be studied conveniently at rest, during exercise, and during the subsequent aerobic recovery phase (10, 11) . Our results show a deficit of the maximum rate of muscle mitochondrial ATP production, V max (12) , in all FRDA patients and a strong negative correlation between mitochondrial V max and the number of GAA repeats in the smaller allele, indicating that FRDA is a nuclear-encoded mitochondrial disorder that affects oxidative phosphoryation.
METHODS
Subjects. Twelve FRDA patients (seven males; age range 16 to 54 years; 30 Ϯ 10 years, mean Ϯ SD), 12 disease controls (seven with Becker muscular dystrophy, one with limb girdle muscular dystrophy, and four with inclusion body myositis) (11 males, age range 15 to 56; 31 Ϯ 14, mean Ϯ SD), and 18 control subjects (10 males; age range 18 to 54; 30 Ϯ 10, mean Ϯ SD) were studied. Among the FRDA patients four could walk without support and three with support, three could stand with support, and two were wheelchair bound whereas among the disease controls three could walk without support and four with support, three could stand with support, and two were wheelchair bound. The four patients who could not stand had been wheelchair bound for 2-4 years before the 31 P-MRS exam.
Informed consent was obtained from each patient, and normal volunteer and studies were carried out with approval of the local hospital ethics committees. DNA Analysis. DNA was extracted from the patients' blood by using the Nucleon I DNA Isolation kit (Scotlab, Strathclyde, U.K.). A portion of the FRDA gene was amplified by using the Expand Long Template PCR System (Boehringer) using the GAAF and GAAR primers described (3) and the PCR protocol of 94°C for 3 min, followed by 94°C for 10 sec, 63°C for 30 sec, and 68°C for 3 min for 30 cycles, with the addition of 20 sec per cycle for the elongation step for the last 20 cycles and a final elongation of 72°C for 10 min. The GAA repeat length was calculated according to the size of the PCR product (457 ϩ 3n bp, n ϭ number of GAA triplets).
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31 P-MRS. The study used a 2.0-T superconducting magnet (Oxford Magnet Technology, Oxford, U.K.) interfaced to a Bruker spectrometer (Bruker, Coventry, U.K.). Subjects lay supine with a 6-cm diameter surface coil centered on the maximal circumference of the right calf muscle. Spectra were acquired by using a 2-sec interpulse delay at rest (64 scans) and during exercise (32 scans) and recovery. As soon as the last 32-scan exercise spectrum was collected, an additional eightscan spectrum was recorded, to be considered zero time of recovery, and the exercise stopped immediately afterward. Data were collected for 10.7 min during recovery (four eightscan spectra followed by four of 16 scans, three of 32 scans, and two of 64 scans). The muscle was exercised by plantar flexion at 0.5 Hz, lifting a weight of 10% of lean body mass (calculated from body weight and skin fold thickness) (13) through a distance of 7 cm. After four spectra the weight was incremented by 2% of lean body mass for each subsequent spectral acquisition.
Relative concentrations of inorganic phosphate (P i ), phosphocreatine (PCr), and ATP were obtained by a time-domain fitting program (VARPRO͞MRUI) and were corrected for magnetic saturation. Absolute concentrations were obtained by assuming that the concentration of ATP in normal muscle is 8.2 mM (i.e., mmol͞liter of intracellular water) (14) . Intracellular pH was calculated from the chemical shift of the P i peak relative to PCr (␦ Pi , measured in ppm), as pH ϭ 6.75 ϩ log 10 {(␦ Pi Ϫ 3.27)͞(5.69 Ϫ ␦ Pi )}. PCr recovery half-times were calculated from the slope of semilogarithmic plots (12) by using the end-exercise and the first three recovery spectra. Initial rates of PCr resynthesis after exercise, V (mM͞min), were calculated from the exponential rate constant of PCr recovery (k ϭ 0.693͞t 1/2 ) and the (12) . Using the hyperbolic ADP control model for mitochondrial respiration (16, 17) 
Statistical significance, determined by Student's unpaired t test, was taken as P Ͻ 0.05. Linear regression analysis was used to calculate correlation coefficients.
RESULTS
All 12 FRDA patients were homozygous for the GAA triplet repeat expansion with a range of 290 to 900 (Table 1) (Table 1) . Consequently the PCr͞P i ratio was also lower in FRDA than in control group (7.5 Ϯ 1.3 vs. 9.0 Ϯ 1.6, P ϭ 0.01). This ratio showed an apparent bimodal distribution (data not shown); the reason for this result is not clear because there was no correlation between this ratio and the specific indices of mitochondrial function, discussed below, or the clinical indices of the disease.
An increase in skeletal muscle resting [P i ] and, sometimes, a reduction in [PCr] are present in patients with mitochondrial encephalomyopathies caused by mtDNA mutations (19, 20) and have been interpreted as indices of altered state 4 mitochondrial respiration (19) . However, a rise in intracellular [P i ] also is found in other neuromuscular disorders where a defect of mitochondrial respiration cannot be demonstrated (19, (21) (22) (23) , which is true for the disease control group reported in Table 1 . Therefore, the available evidence suggests that the increased P i concentration is a nonspecific indicator of abnormal skeletal muscle metabolism. Oxidative metabolism is better evaluated from data collected after the end of exercise. The rate of muscle oxidative metabolism is very low at rest, and a better assessment of mitochondrial function can be obtained by stimulating mitochondrial respiration. With an in-magnet aerobic exercise protocol (see Methods) it is possible to assess the transition from the resting state 4 to the active state 3 of mitochondrial respiration. During incremental exercise the intracellular concentration of free ADP, which exerts the primary control on mitochondrial respiration (12, 17) increases (Table 1) , stimulating oxidative phosphorylation. In these experimental conditions the rate of oxidative ATP production can be precisely assessed from the postexercise PCr recovery rate, which is entirely oxidative (14) . The initial rate of PCr recovery, V, was significantly slower in FRDA patients (P ϭ 0.0001) (Fig. 1, Table 1 ). Skeletal muscle maximum rate of mitochondrial ATP synthesis (V max ), calculated from the initial rate of PCr recovery (V) and the end-exercise [ADP] (12), was severely reduced in FRDA patients compared with controls (P ϭ 0.0001). In all 12 patients mitochondrial V max was below the normal range ( Table 1 , Fig. 2 ). Mitochondrial V and V max in FRDA patients were also significantly lower than in a group of disease controls ( Table 1 , Fig. 2 ) with similar maximal motor ability (see Methods), indicating that disability per se does not account for the reduced mitochondrial V max in FRDA patients. In FRDA patients muscle V max strongly depended on the size of the GAA repeats in the smaller allele (r ϭ Ϫ0.75; P ϭ 0.004) (Fig. 3) . No correlation was found between resting concentration of P i and PCr and the size of the GAA repeats in the smaller allele (data not shown).
DISCUSSION
The expansion of the GAA repeat in intron 1 of the FRDA gene results in a reduction of frataxin expression. Although skeletal muscle involvement is not a prominent clinical feature of patients with FRDA, it has been shown that in skeletal muscle, which normally expresses intermediate levels of frataxin mRNA (3), frataxin is absent or severely reduced in FRDA patients (4) . Elevated plasma lactate levels in FRDA patients support their compromised oxidative phosphorylation capacity (24) . Our findings demonstrate that the GAA triplet repeat expansion in FRDA is associated with a profound deficit of skeletal muscle mitochondrial ATP production and strongly support mitochondrial involvement in the pathogenesis of FRDA. In FRDA patients homozygous for the GAA triplet repeat expansion there is a correlation between age at onset, rate of disease progression and cardiomyopathy, and the GAA repeat number on the smaller allele (2). The strong negative correlation we found in our FRDA patients between the number of GAA repeats on the smaller allele and skeletal muscle mitochondrial V max is evidence that the expansion is the   FIG. 3 . Correlation between skeletal muscle maximum rate of mitochondrial ATP production (Vmax) and the number of GAA repeats in the smaller allele in the 12 FRDA patients. 31 P-MRS spectra. (Upper) Spectra (eight free induction decays) from a normal subject (A) and patient 2 (B) at the end of in-magnet work. (Lower) Spectra (eight free induction decays) collected between 16 and 32 sec of recovery from the same subjects (C, normal subject; D, patient 2). During incremental exercise there is a progressive reduction of the PCr peak, hydrolyzed via the creatine kinase reaction to buffer ATP concentration, and an increase in the Pi peak produced by the ATP hydrolysis during muscle contraction (A and B). As soon the exercise is stopped PCr and Pi concentrations begin to return to their pre-exercise values: PCr is resynthesized from ATP, via the creatine-kinase reaction, and Pi is used for ATP synthesis (C and D). The ATP production during recovery from exercise is entirely caused by oxidative phosphorylation (10) , thus the PCr resynthesis rate reflects precisely the mitochondrial rate of ATP production. At the same recovery time point, the PCr peak is smaller in patient 2 (D) than in the control subject (C), indicating a reduced rate of muscle mitochondrial ATP production in the FRDA patient. The abscissa reports the chemical shift in ppm and ordinate the relative signal intensity in arbitrary units. Proc. Natl. Acad. Sci. USA 96 (1999) cause of the mitochondrial deficit and may suggest a link between degree of mitochondrial respiration deficit and clinical expression of the disease in other tissues. In lymphoblastoid cell lines of FRDA patients the length of the GAA expansion has been shown to determine the amount of frataxin expressed (4) . Therefore, frataxin expression probably determines the reduced skeletal muscle mitochondrial ATP production rate we detected in vivo. Our results contribute to the growing body of evidence that, in certain diseases, biochemical abnormalities as detected by in vivo MRS can reflect the magnitude of a genetic abnormality (25, 26) .
FIG. 1. Calf muscle
The yeast YFH1 knockout model exhibits defective mitochondrial respiration, decreased mtDNA levels, and iron accumulation. In a separate study (J.L.B., J.M.C., S. Chamberlain, and A.H.V.S., unpublished observations) we have identified severe reductions in the activities of the Fe-S containing respiratory chain enzyme complexes II͞III and aconitase in FRDA cardiac and skeletal muscle, and an additional complex I defect in cardiac muscle. There was iron accumulation in FRDA heart but not in skeletal muscle, which may reflect different iron handling mechanisms in these tissues. There are therefore strong biochemical parallels between the yeast model and FRDA. The abnormalities identified may result from abnormal intramitochondrial iron handling giving rise to altered Fe-S assembly, the defective respiratory chain function, increased oxidative stress, and a loss of mtDNA (5, 8, 27, 28) .
The involvement of oxidative stress and damage in FRDA is supported further by the fact that a FRDA-like phenotype is induced by vitamin E deficiency (29, 30) . Vitamin E is a lipid-soluble antioxidant that localizes in membranes, including mitochondrial membranes (31) , and protects against both lipid peroxidation (31, 32) and mtDNA damage (32) . The connection with mitochondrial respiratory chain dysfunction is highlighted further by the fact that vitamin E deficiency can lead to mitochondrial damage as illustrated in a report of a deficit of brain and skeletal muscle respiration in a family with vitamin E deficit associated with hypobetalipoproteinemia (33) and in a rat model of vitamin E deficiency (34) .
In conclusion, the present study shows that GAA repeat expansions within the FRDA nuclear gene are associated with a profound in vivo deficit of mitochondrial respiration in FRDA patients, which is inversely correlated with the GAA expansion length. Based on parallels with the YFH1 knockout model, this deficit may result from abnormal mitochondrial iron handling, which could cause an abnormality of iron sulfur assembly or function that would induce a deficiency of iron sulfur containing mitochondrial enzymes, and enhanced oxidative stress and damage. Despite the oxidative phosphorylation deficit skeletal muscle dysfunction is not a prominent clinical feature of FRDA. It is possible that signs of muscle weakness and fatigue may not be evident at the activity level of most FRDA patients and also may be masked by the more prominent features associated with ataxia.
In contrast to other neurodegenerative disorders FRDA can be diagnosed by genetic analysis either presymptomatically or in the early stage of disease, before central nervous system and cardiac damage become established. Our findings provide a very strong rationale for treatments aimed to enhance mitochondrial function and reduce toxic radical production in these patients.
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